Smoking in pregnancy is known to be associated with a range of adverse pregnancy outcomes, yet there is a high prevalence of smoking among pregnant women in many countries, and it remains a major public health concern. We have conducted a systematic review and meta-analysis to provide contemporary estimates of the association between maternal smoking in pregnancy and the risk of stillbirth. Methods: We searched four databases namely MEDLINE, EMBASE, Psych Info and Web of Science for all relevant original studies published until 31 st December 2012. We included observational studies that measured the association between maternal smoking during pregnancy and the risk of stillbirth. Results: 1766 studies were screened for title analysis, of which 34 papers (21 cohorts, 8 case controls and 5 cross sectional studies) met the inclusion criteria. In meta-analysis smoking during pregnancy was significantly associated with a 47% increase in the odds of stillbirth (OR 1.47, 95% CI 1.37, 1.57, p < 0.0001). In subgroup analysis, smoking 1-9 cig/day and ≥10 cig/day was associated with an 9% and 52% increase in the odds of stillbirth respectively. Subsequently, studies defining stillbirth at ≥ 20 weeks demonstrated a 43% increase in odds for smoking mothers compared to mothers who do not smoke, (OR 1.43, 95% CI 1.32, 1.54, p < 0.0001), whereas studies with stillbirth defined at ≥ 24 weeks and ≥ 28 weeks showed 58% and 33% increase in the odds of stillbirth respectively.
Background
Smoking in pregnancy is a major public health problem in the developed countries [1] . The World Health Organisation (WHO) predicts that this will reach 'epidemic' proportions in developing countries in the near future [1] . Within the current challenging economic climate in many countries, smoking in pregnancy imposes a significant burden on population health and resources, and is associated with a range of poor outcomes for both mother and child, such as ectopic pregnancy, miscarriage, placental abruption, preterm birth and low birth weight [2, 3] . The harmful effects of tobacco smoke exposure in pregnancy can be avoided [4] and it is one of the most prevalent modifiable risk factors for adverse pregnancy outcomes [5, 6] .
In many developed countries, the rates of smoking in pregnancy have been declining over recent decades [7] with current prevalence estimates between 10% -19% [8] , and data from the UK suggesting that one out of eight women smoke throughout the pregnancy [9] . Moreover, this decline has not been consistent across all social classes; lower rates of decline have been noted across less advantaged socioeconomic groups [10] . Smoking in pregnancy in developed countries tends to be higher among women who have low income and poor education [11] .
Stillbirth rates widely vary across low, middle and high-income countries [12] [13] [14] . The lowest rates have been observed in Finland with 2.0 per 1000 live births and in the developing world rates are much higher at more than 40 per 1000 live births in countries like Nigeria and Pakistan [6] . Two previous systematic reviews and meta-analyses have estimated the size of effect of smoking during pregnancy and the risk of stillbirth. A report by the United States Surgeon General [15] showed a relative risk of stillbirth of 1.2-1.8 within smokers versus non-smokers. The analysis was based on three studies [16] [17] [18] conducted in two countries, the United States and Sweden. Recent stillbirth statistics by Flenady et al [8] was based on a systematic review from high-income countries; and four studies were included in the meta-analysis of the association between any smoking in pregnancy and the risk of stillbirth yielding an odds ratio of 1.36 (95% CI 1. 27, 1.46) . Results from these published reviews were limited to literature from developed countries; yet stillbirth rates are much higher in developing countries, and it is therefore imperative to conduct a comprehensive review, which reflects the impact of smoking in pregnancy on stillbirth. We have conducted a systematic review and meta-analysis to provide contemporary estimates of the association between maternal smoking in pregnancy and the risk of stillbirth.
Methods
A detailed electronic search was performed through four databases namely MEDLINE, EMBASE, Psych Info and Web of Science. All relevant published studies with sufficient data on maternal cigarette or tobacco smoking during pregnancy with the outcome of stillbirth were included. Due to the nature of the research objective, there were no randomised control trials (RCTs) identified, and observational studies (such as cohort design, case control studies and cross sectional surveys) were considered using the standard guidelines of Meta-analysis of Observational Studies in Epidemiology (MOOSE) [19] . All relevant studies published in the English language, up to 31 st December 2012 were included in the review. Case reports, non-English publications and those, which only involved passive or environmental smoke information, were excluded. We carefully considered studies where the study populations were similar to avoid duplication of cases; where studies were based on exactly the same population during the same time period, but there were differences in sample sizes, we selected the results from the publication with the larger sample size for inclusion in the meta-analysis, though those excluded from quantitative analysis were included in a narrative synthesis.
Search strategy
We developed search terms based on medical subject headings (MeSH), free text words and words in the title or abstract. We combined search terms of exposure (smoking during pregnancy) with the outcome of the study (stillbirth). The MeSH terms used included combinations of the terms: stillbirth, maternal smoking, and pregnancy, also applied with special characters ($, *), wherever required. The study protocol was agreed within the team, however it was not published prior to commencement of the review. We also checked the reference list of all identified papers and the most recent similar reviews for any additional studies. A complete online search strategy along with search terms is attached (Additional file 1).
Study selection and outcome definition
The electronic search was performed with a three-stage approach; first titles were screened by TM and AA, then abstracts were screened by two authors independently (TM and SL). For studies, which appeared to be eligible, full texts were obtained and reviewed independently by two authors who further performed data extraction independently on pre-piloted forms, and discrepancies were resolved by consensus. We also obtained full texts for those studies where a decision could not be made based on title and abstract. Data extraction forms included followings; study design, exposure validation, definition of exposure (smoking) and outcome (stillbirth), confounders adjustments, sample size and study location.
Since stillbirth is defined differently in different countries and different studies, stillbirth for this review was defined as fetal loss or death at 20 weeks gestation and above [20] ; this included both early (20-28 weeks gestation) and late (after 28 weeks) stillbirth enabling inclusion of a wider range of international studies. Sensitivity analysis was done using alternative definitions of stillbirth: a) Stillbirth at ≥ 20 weeks of gestation b) Stillbirth at ≥ 24 weeks of gestation c) Stillbirth at ≥ 28 weeks of gestation Where both unadjusted and adjusted measures were reported, the latter were extracted. Quality assessment was based on a Newcastle Ottawa Scale (NOS). Cohort and case control studies were awarded up to a maximum quality score of nine and cross sectional studies were given up to a maximum score of seven [21] . A definition of 'high quality', was given to cohort and case control studies with a score of 7 or above or crosssectional studies with a score of 5 or above; the rest were deemed 'low quality' [21] . Each quality assessment (NOS) was conducted by at least by two authors independently and then findings were verified.
Statistical analysis
Meta-analysis was performed using Rev-Man 5.3 [22] with a random effects model. The I 2 statistic was applied to calculate heterogeneity (I 2 more than 75% was considered high heterogeneity, more than 50% moderate and 25% was considered as low heterogeneity) [22] . The odds ratio for the overall effect of smoking in pregnancy from each study was used, which was the main outcome reported in included literature. The ratio was calculated from the available data, wherever feasible. Studies included in the meta-analysis were further considered for subgroup analysis based on study quality, definition of stillbirth and cigarette consumption (1-9 cig/day and ≥10 cig/day). The funnel plot method was used to assess publication bias. Studies without statistical data presentation, and those where cases were potentially overlapping between publications, were considered in a narrative synthesis.
Results
The initial database search produced 2,934 papers. We found 1,168 duplicate studies; meaning the same study was obtained from more than one of the four databases used in the review. After removal of duplicates, 1,766 study titles were screened, 94 were found eligible for abstract screening and 35 papers were considered for full text analysis. Out of 35 full texts sought, 34 were obtained within the available research timelines, and of these, 29 were included in the systematic review [12] [13] [14] [16] [17] [18] . Eight full text studies, which did not have sufficient qualitative or quantitative data relevant to this review, were excluded [46] [47] [48] [49] [50] [51] [52] [53] . An additional five relevant studies [54] [55] [56] [57] [58] were identified from references listed in the full text eligible studies. Details of the electronic search are explained in Figure 1 . Out of the 34 included studies, 24 were included in the meta-analysis [12] [13] [14] 17, 23, 24, [26] [27] [28] [29] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [54] [55] [56] and the other remaining ten in the qualitative synthesis [16, 18, 25, 30, [42] [43] [44] [45] 57, 58] . One of the studies, [23] used two separate study designs, case control and bidirectional crossover methodology; therefore the study was considered in the meta-analysis separately as two observations resulting in 25 studies included in the quantitative synthesis. Two studies references [30, 31] were derived from the same dataset (Missouri, USA) conducted in the same timeframe (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) . Study [31] with a higher sample size was included in the meta-analysis and the other [30] was considered in the narrative synthesis. Four studies [16, 17, 25, 29] used the same study population (Swedish National registry data) with differences in sample size and study methodology. Studies [17, 25] had the same time frame, with study [17] having a higher sample size. Studies [16, 17, 29] had overlapping but not the exact dataset time frames. Study [16] time period (1983 -1985) was exceeded by study 17 (1983-1989) which also had a higher sample size. Study [29] used the data for 1984 and 1991 for comparative purposes. To avoid having any woman's data being counted twice in the meta-analysis, only the estimates obtained for 1991 data [29] were used in the meta-analysis. Two studies [17, 29] were included in the meta-analysis whilst the other two studies [16, 25] were included in the narrative synthesis only.
Included studies are further detailed in Table 1 . Out of the 34 eligible studies (Table 1) , eight were case control studies [23] [24] [25] [26] [27] [28] 54, 55] , five cross sectional [16, 18, 40, 41, 45] and twenty-one were cohort studies [12] [13] [14] 17, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [42] [43] [44] [56] [57] [58] . Fourteen were conducted in Europe, [13, 14, 16, 17, 25, 27, 29, 32, [36] [37] [38] [39] 43, 54] , four in Australia [34, 41, 56, 58] , fourteen in North America [12, 18, 23, 26, 28, 30, 31, 33, 35, 42, 44, 45, 55, 57] , one in Asia [40] and one in South America [24] . The largest sample size observed was 7,792,990 [45] with the smallest being 202 [25] . Ten studies [13, 16, 25, 26, [30] [31] [32] 35, 54, 55] did not present their results with odds ratios but had sufficient data to calculate the ratio using STATA 12, which was further used in the meta-analysis. Seven studies [18, [42] [43] [44] [45] 57 ,58] did not present estimates or sufficient data to calculate an odds ratio; therefore they were included in the narrative synthesis. Based on NOS scale, overall study quality was moderately satisfactory. Ten cohort studies [12, 14, 17, 32, [35] [36] [37] [38] [39] 42] and four case control studies [23, 24, 54, 55] were considered of high quality with seven or more points, and only two cross sectional studies [16, 45] were of high quality having five or more points. Scores ranged from 2 to 9 and the median score was 6.
The type of exposure
Eleven studies clearly defined the level of exposure (smoking) [14, 16, 17, 25, 29, 31, 33, 34, 38, 54, 56] . Most of the studies used categories of 1-9cig/day and ≥10 cig/day to categorise participants according to the number of cigarettes or packs consumed daily, but the Robson study [41] used slightly different categories. Seventeen studies did not define smoking according to level of cigarette consumption [12, 13, 24, [26] [27] [28] 30, 32, 35, 36, 40, 41, 43, 45, 55, 57, 58] but according to the smoking status (yes/no). Fifteen studies collected exposure information during pregnancy [12] [13] [14] 16, 17, 27, 29, 30, 32, 33, 38, 42, 43, 54, 56] and the rest of the studies [18, [23] [24] [25] [26] 31, 34, 35, [39] [40] [41] 44, 45, 55, 57, 58] obtained the information after delivery. None of the studies reported biochemical validation of smoking status such as salivary cotinine assessments.
Data collection on outcome
The definition of stillbirth varied across studies. Twenty-one out of thirty-four studies included stillbirth from early gestational age ≥ 20 weeks [18, 23, 30, 31, 33, 34, 36, 37, [41] [42] [43] 45, [56] [57] [58] , ≥22 weeks [54] , ≥23 weeks [35] , and four studies used birth weight to estimate the gestational week of stillbirth (Birth weight ≥ 500 g, [24, 26, 28, 44] . The rest of the studies used late gestational ages as the cut off values for stillbirth, ≥24 weeks in four studies [12, 13, 27, 32] , ≥28 weeks in nine studies [14, 16, 17, 25, 29, [38] [39] [40] 55] . In all studies, outcome data was either obtained from medical or clinical records, medical data sets or birth registry records.
Fourteen studies included in the quantitative synthesis adjusted for one or more confounders (Table 1) . Maternal age was the most common adjusted factor. Five studies adjusted for socioeconomic status (SES) including education [13, 14, 37, 38, 40] . Other factors that were adjusted for include parity, BMI, ethnicity/race, infant sex, perinatal care and marital status, alcohol, caffeine intake and cohabitation. Four studies [24, 27, 36, 39] did not adjust for any confounders and six studies [26, 31, 32, 35, 54, 55] had OR calculated therefore considered as not adjusted for any confounders. Factors adjusted in cohort studies varied widely. Several studies [12, 17, 28, 34, 37, 41, 56] considered one or more medical conditions such as pregnancy complications, diabetes mellitus and hypertension as possible confounders.
Meta-analysis of maternal smoking and risk of stillbirth
In meta-analysis of all 25 studies ( Figure 2 ), smoking during pregnancy was associated with a 47% increase in the odds of stillbirth (OR 1.47, 95% CI 1.37, 1.57, p < 0.0001) with an overall moderate heterogeneity (I 2 = 79%). There was no significant difference in the size of this estimate between study designs (p = 0.11); the odds of stillbirth were increased by 34% in relation to smoking in pregnancy in case-control studies (OR 1.34, 95% CI 1.23, 1.45, p < 0.0001, 8 studies), 49% in cohort studies (OR 1.49, 95% CI 1.35, 1.64, p < 0.0001, 15 studies) and 62% in crosssectional studies (OR 1.62, 95% CI 1.31, 2.00, p < 0.0001, 2 studies). Results were more heterogeneous for cohort studies than other study types.
Subgroup analysis by study quality
Results from high quality score studies showed that women who smoke during pregnancy, are 41% more likely to have a stillbirth compared to women who do not smoke during pregnancy (OR 1.41, 95% CI 1.28, 1.55, p <0.0001, 14 studies). Low quality score studies showed that women who smoke during pregnancy were at 49% increased odds of stillbirth compared to women who do not smoke during pregnancy (OR 1.49, 95% CI 1.33, 1.67, p <0.0001, 11 studies). There was no significant difference between the two subgroups (p = 0.44).
Subgroup analysis by categories of cigarette consumption
Seven studies (14, 26 a-b,31,34,45,48) were included in this subgroup analysis, with consumption categorised as 1-9 cig/day and ≥10 cig/day ( Figure 3 ). One study [29] presented OR values for the ≥10 cig/day category only.
A study by Robson et al [41] used slightly different categories; 1-10 cig/day and >10 cig/day. This study was included in this analysis with odds ratios for the 1-10 cig/ day, and > 10 cig/day categories used for the 1-9 cig/day and ≥ 10 cig/day groups respectively. Further two studies by Salihu et al (2008a) [23] and Salihu et al (2008b) [23] had a classification of 1-9 cig/day, 10-19 cig/day and ≥ 20 cig/day. There was no sufficient raw data to calculate the OR for ≥10 cig/day. Therefore these studies have been included in this analysis conservatively using the ORs from the 10-19 cig/day categories (which is a lower value than the ≥ 20 cig/day value) for the ≥ 10 cig/day subgroup. Most of the studies included in this subgroup analysis (4 out of 7) used this categorisation (1-9 cig/day and ≥10 cig/day), thus the same was applied in the subgroup analysis. Metaanalysis showed that smoking 1-9 cig/day was associated with an 9% increased odds of having a stillbirth compared to women who do not smoke in pregnancy (OR 1.09, 95% CI 1.09, 1.24, p = 0.55, 6 studies), whilst smoking ≥10 cig/ day was associated with a 52% increase in odds of stillbirth (OR 1.52, 95% CI 1.30, 1.78, p < 0.0001, 7studies); the results for these two subgroups differed significantly (p = 0.001).
Subgroup analysis by gestation of stillbirth
Twenty-two studies were included in this subgroup analysis ( Figure 4) . The meta-analysis of studies defining stillbirth at ≥ 20 weeks demonstrated a 43% increase in odds for smoking mothers compared to mothers who do not smoke, (OR 1.43, 95% CI 1.32, 1.54, p < 0.0001, 11 studies), whereas studies with stillbirth defined at ≥ 24 weeks showed 58% increase in odds (OR 1.58, 95% CI 1.21, 1.2.06, p < 0.0003, 4 studies) and in pooled estimates of studies with stillbirth defined at ≥ 28 weeks, the odds was increased to 33% (OR 1.33, 95% CI 1.18, 1.49, p < 0.02, 7 studies). There was no significant difference in the odds ratios for these different subgroups (p = 0.39). 
Subgroup analysis by study location
Only two studies were conducted in developing countries [24, 40] . Both studies support evidence from research conducted in developed countries concluding that women who smoke during pregnancy are at a risk of stillbirth. A study [40] demonstrated a very marginal difference showing those women who smoke during pregnancy are at least 40% at risk of experiencing a stillbirth (OR 1.40, 95% CI 1.0, 1.96), similar to the pooled odds ratio of studies conducted in North America (OR 1.39, 95% CI 1.29, 1.50) P value < 0.0001, 9 studies) and Europe (OR 1.55, 95% CI 1.36, 1.78, P value < 0.0001,11 studies).
Narrative synthesis
Seven studies [18, [42] [43] [44] [45] 57, 58] presented their results in other than odds ratio and there was no sufficient data to calculate the odds ratio, and three studies [16, 25, 30] were derived from same study population as [17, 31] respectively. Six of the studies [16, 18, 30, 42, 45, 57] observed an association between maternal smoking in pregnancy and the risk of stillbirth but the other four [25, 43, 44, 58] observed no significant differences. Two studies [16, 42] observed a dose related response with high risk ratio of stillbirth in mothers who smoke ≥10 cig/day compared to 1-9 cig/day and those who smoke ≥1 pack/day in contrast to <1 pack/day respectively. Three studies (51, 35 54) showed the risk of stillbirth to be higher in young mothers <15 years old (HR 3.3, 95% CI 1.4, 7.8) and also in older mothers (≥35 years, HR 3.2, 95% CI 2.2, 4.5) (≥40 years, HR 2.71, 95% CI 1.88, 3.91) respectively. A study from Sweden suggested that placental abruption is likely to be common in smokers [25] .
Publication bias
The publication bias was assessed visually using a funnel plot developed by Rev Man 5.3 [22] . The plot was symmetrical indicating a low risk of publication bias (Additional file 2).
Discussion
This study provides a comprehensive review of the current evidence and estimates of the effect of maternal smoking on the risk of stillbirth. It suggests, women who smoke during pregnancy have a 47% increased risk of stillbirth and that the risk of stillbirth is more at higher levels of cigarette consumption ( Table 2 ). This effect does not vary according to the gestation at which still birth occurs, however, comparisons between studies would be easier if future work adopted the definition of stillbirth recommended by the WHO [20] .
Strengths and limitations
We implemented a comprehensive search strategy with strict adherence to the protocol, and results were presented in accordance with MOOSE guidelines [19] . Search strategy, data extraction, analysis and quality assessment was performed independently by authors and findings were confirmed within the team. There was no evidence of publication bias. However, the review has some limitations. We could not obtain one study within available timelines [59] , and due to limited data presentation, seven studies [18, [42] [43] [44] [45] 57, 58] were considered in the narrative synthesis. Secondly, only English language studies were considered mainly for practical purposes and the available timeframe. Heterogeneity was explored using a variety of subgroup analyses; a high level of heterogeneity was found amongst cohort studies and the pooled estimate derived from these should be treated with some caution. This could be partially attributable to the different factors controlled for in the cohort studies as explained previously. The overall heterogeneity (I 2 = 77%, Figure 2 ) was higher mainly due to cohort studies, however in case of case control studies (I 2 = 20%) and cross-sectional studies (I 2 = 0%), very low levels of heterogeneity was observed. However, this estimate was consistent with synthesised estimates derived from studies with other designs and this consistency suggests it is likely to be valid. It appears that the effect could differ by age [24, 30, 38, 45, 57] , but data on maternal age was not available in included studies. Study quality was found to be satisfactory. 
Synthesis
The most recent systematic review by Flenady et al [8] on maternal smoking and the risk of stillbirth, focusing on high-income countries, reported a 36% increase in the odds of stillbirth (OR 1.36). The review considered cohort and case control studies published between 1998 and 2009 and excluded those which did not control for confounding factors, hospital based studies and took a slightly different approach to dealing with duplicate studies. Acknowledging the difference in the approach, our study is in agreement with the results from Flenady's et al [8] review, and showed a 46% increased risk of stillbirth (OR 1.46 95% CI 1.36, 1.55). We included 25 studies in our main meta-analysis, conducted in both developing and developed countries making our findings generalisable. Our review has also analysed the available data according to the definition of stillbirth in gestational weeks, number of cigarettes and study quality, which were not reported in the previous published literature. The review also provides strong evidence that the risk is higher at higher levels of cigarette consumption, indicating a dose related response relationship, outlined in some of the included studies [15, 38, 42] . The consistency in the size of the effect observed in this study throughout different subgroup analyses and across different study designs, each with their own biases and strengths and limitations, as well as the consistency across studies of differing quality, suggests that this is a true estimate of the size of effect. Further support is obtained from studies where mothers change in smoking behaviour from one pregnancy to another. Hogberg and Cnattingius [14] suggested that mothers who quit smoking from first to second pregnancy reduced their risk of stillbirth to the same level as non-smokers in both pregnancies, while those who smoked in both pregnancies had a 35% increased risk of stillbirth (OR 1.35) compared to non-smokers.
Our results also provide evidence that the effect of maternal smoking in pregnancy on risk of stillbirth is not dependent on the definition of stillbirth or on the stage of pregnancy at which it occurs. Moreover we did not ascertain, at what point during pregnancy the effect of the exposure is occurring as most studies evaluated the exposure at one point in time only. Previous studies [26, 38] suggested that the timing of exposure may influence the risk of stillbirth and in particular [38] suggested that those who quite early in pregnancy may have similar risk to non-smokers. Future studies of this association should measure exposure at different stages of gestation. There are important potential confounders for the effect of maternal smoking on risk of stillbirth, the most important ones are SES, maternal age, maternal weight and medical comorbidities, majority of studies have adjusted for these. Only two studies did not adjust for any confounders [36, 43] with no further information.
The exact pathophysiology of fetal exposure to tobacco smoke is not entirely understood, however based on available evidence, possible mechanisms have been conceptualised [30] . Nicotine has been known to cause narrowing of the placental vessels [60, 61] , which coupled with reduced prostacycline synthesis [62] , resulting in increased vascular resistance and consequently impairing blood supply to the fetus [63] . Carbon monoxide in tobacco smoke also reduces fetal oxygenation by forming carboxy-haemoglobin in turn interfering with oxygenation transfer [64] . The correlation between smoking and stillbirth is likely to be explained through increased prevalence of placental complications and fetal growth restriction [14] . The resultant physiological effect of these changes increases the risk of fetal morbidity (small for gestation age and preterm birth) and subsequently may lead to fetal death [30] . Therefore, there is strong biological plausibility for smoking in pregnancy causing stillbirth [46, 65] .
Recent Cochrane reviews have concluded that behavioural interventions can be effective in helping women to stop smoking in pregnancy [66] even though there remains no evidence for the effectiveness of pharmacotherapy such as NRT in pregnancy [67] . The result of our study suggests that such interventions are important to reduce the risk of stillbirth.
Conclusion
Our findings support that smoking greatly increases the risk of stillbirth. Smoking in pregnancy is an established cause of a range of pregnancy complications and poor pregnancy outcomes. Every opportunity must be utilised to record smoking status during pregnancy, to give advice and support, including necessary facilities to help women stop smoking. Although we have conducted a comprehensive review, most of the available evidence on the risk from smoking is from developed countries.
Smoking is rapidly increasing in the developing world where stillbirth is a major problem; therefore along with focusing on research initiatives, it is important to invest efforts on educating women on the risks of smoking to their unborn child and providing smoking cessation support for pregnant women in these parts of world.
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